Scots pine forests subjected to continental Mediterranean climates undergo cold winter 47 temperatures and drought stress. Recent climatic trends towards warmer and drier 48 conditions across the Mediterranean Basin might render some of these pine populations 49 more vulnerable to drought-induced growth decline at the southernmost limit of the 50 species distribution. We investigated how cold winters and dry growing seasons drive 51 the radial growth of Scots pine subject to continental Mediterranean climates by relating 52 growth to climate variables at local (elevational gradient) and regional (latitudinal 53 gradient) scales. Local climate-growth relationships were quantified on different time 54 scales (5-, 10-and 15-days) to evaluate the relative role of elevation and specific site 55 characteristics. A negative water balance driven by high maximum temperatures in June 56 (low-elevation sites) and July (high-elevation sites) was the major constraint on growth, 57 particularly on a 5-to 10-day time scale. Warm nocturnal conditions in January were 58 associated with wider rings at the high-elevation sites. At the regional scale, Scots pine 59 growth mainly responded positively to July precipitation, with a stronger association at 60 lower elevations and higher latitudes. January minimum temperatures showed similar 61 patterns but played a secondary role as a driver of tree growth. The balance between 62 positive and negative effects of summer precipitation and winter temperature on radial 63 growth depends on elevation and latitude, with low-elevation populations being more 64 prone to suffer drought and heat stress, whereas high-elevation populations may be 65 favoured by warmer winter conditions. This negative impact of summer heat and 66 drought has increased during the past decades. This interaction between climate and site 67 conditions and local adaptations is therefore decisive for the future performance and 68 persistence of Scots pine populations in continental Mediterranean climates. 
7 Navacerrada, 40º 47' N, 4º 00' W, 1894 m a.s.l.; Granja de San Ildefonso, 40º 46' N 4º 169 00' W, 1191 m a.s.l. and Observatorio de Segovia, 40º 56´N, 4º 10´W, 1005 m a.s.l.; see 170 Appendix A1). The temperature at the study site were estimated using data from these 171 three stations and additional forest climatic data provided by Martínez-Alonso et al. 172 (2007) . To define a biologically realistic surrogate for the water availability for tree 173 growth, we also estimated the monthly water balance (abbreviated as P-PET) as the 174 difference between precipitation (P) and potential evapotranspiration (PET), according 175
to Hargreaves and Samani (1982) . Temporal trends in the monthly temperature and 176 seasonal precipitation were calculated to characterize the climate of each site taking into 177 consideration the reconstructed meteorological data for each elevation (Appendix A1). 178 179
Field sampling and dendrochronological methods 180
We sampled three Scots pine stands located at different elevations in Valsaín forest (see 181 Table 1 ; additional information on the study area is also available in Touchan et al. 182 2013) . At each site, at least 25 dominant trees with diameters at 1.3 m (dbh) greater than 183 20 cm were sampled and their size (dbh, tree height) measured (Table 1 ). All the trees 184 measured were cored at 1.3 m with a Pressler increment borer and two cores were taken 185 per tree perpendicular to the maximum slope. 186
The cores were air dried, sanded with sand paper of progressively finer grain 187 until tree-rings became clearly visible and then visually cross-dated. Individual tree-ring 188 width series were measured to the nearest 0.01 mm using a LINTAB semi-automatic 189 measuring device (Rinntech, Heidelberg, Germany). Cross-dating quality was checked 190 using the program COFECHA (Holmes, 1983) . To assess the quality of tree-ring width 191 series several dendrochronological statistics (Fritts, 2001) were calculated considering 192 the period 1950-2011 (Table 1) of the mean site chronology compared with a perfect infinitely replicated chronology 197 (Wigley et al., 1984) . The segments of the site chronologies that reached EPS values 198 equal to or higher than 0.85 were regarded as reliable enough to use for the climate-199 growth analyses. 200
To quantify climate-growth relationships, tree-ring widths were converted into 201 residual indices after removing the age-related trend using the program ARSTAN 202 (version 44h3) (Cook and Krusic, 2005) . Tree-ring indices were obtained by dividing 203 the observed by the expected values, which were calculated by fitting either negative 204 linear or exponential functions. Autoregressive modelling was then performed on these 205 series to remove the majority of the first-order temporal autocorrelation. Finally, a 206 biweight robust mean was computed to average the individual series and to produce 207 mean residual chronologies of residual tree-ring width indices for each tree and site. 208 209
Regional scale study area 210
To analyze the climate-growth relationships at a regional scale, we collected 23 Scots 211 pine chronologies along a Spanish latitudinal gradient, including the species rear-edge 212 from sites subjected to continental Mediterranean conditions (Table 2) . Of these 213 chronologies, 17 reach back at least to the early 1980s and were provided by the 214
International Tree-Ring Data Bank (http://www.ncdc.noaa.gov/paleo/treering.html), and 215 6 were built explicitly for this study. The development of the tree-ring chronologies 216 involved the same approach as described for the local scale analyses. The climatic 217 variables are also similar to those used on the local scale but they were obtained from 218 the homogenized and quality-checked E-OBS v.10.0 dataset gridded with a 0.25º spatial 219 resolution (Haylock et al., 2008) . Temporal trends in annual temperature and9 precipitation were calculated to characterize the climate of each site (Appendix A1), and 221 only those variables highly correlated with growth indices were considered in the 222 analyses of the climate-growth associations. 223 224
Climate-growth relationships 225
To quantify climate-growth relationships between residual tree-ring width indices and 226 monthly climate data (mean maximum and minimum temperatures, P-PET), we 227 calculated Pearson correlation coefficients for the common period 1950-2011. To assess 228 whether these relationships were stable over time, we calculated 20-year long moving 229 correlations overlapping by one year, taking into consideration only those variables 230 strongly correlated with growth indices. Differences in trees climate-growth correlations 231 between sites were computed using one-way ANOVAs. 232
To analyse the daily constraints of coldness and drought stress on tree growth 233 along the elevational gradient at the local scale, we calculated Pearson correlation 234 coefficients between residual chronologies and mean daily temperatures or water 235 balance data (P-PET). We made calculations for different intervals (5-, 10-and 15-days) 236 to capture time-dependent growth responses to climate (Gutiérrez et al., 2011) . These 237 correlations were performed for the period January to October, which encompasses the 238 growing season of the study species and also the previous late winter (Camarero et al., 239 2010) . To account for the effects of temporal autocorrelation, we estimated the 95% 240 confidence intervals for the correlation coefficients by bootstrapping with an average 241 block length proportional to the estimated data autocorrelation (Mudelsee, 2003) . 242 243
Results 244

Climate-growth associations along the local elevational gradient 245
Trees from the high-elevation site were older and larger than those from the other sites, 246 which may explain why they formed wider tree-rings (Table 1) . Trees from the middle-247 and low-elevation sites were shorter than those from the high-elevation, respectively. 248
The year-to-year persistence (AC) and inter-annual variability (MS) of growth were also 249 greater at higher elevation which suggests that climatic constraints on growth are more 250 important for high-elevation site (Table 1) . The remaining dendrochronological 251 statistics confirm a general and coherent growth response of trees to climatic variability 252 across the elevational gradient. 253
Temperatures have negative effects during the months of June and July, when 254 the most tree-ring growth occurs if water does not limit cell production, and also in 255
October, when trees still have high photosynthetic rates and even produce new cells 256 (Fig. 1) . A negative effect means that the tree´s growth is limited by high temperatures. 257 This is also the case for the months of August-September to December the year prior to 258 tree ring formation, when bud formation takes place and trees accumulate reserves for 259 the next growing period. From January to May, the effect of temperature on tree-ring 260 formation is positive, so the growth is limited by low temperatures. The effect of a 261 water deficit is opposite to that of high temperatures. 262
The main climatic factor stimulating growth in the high-elevation site was the 263 mean maximum temperature in January and in the low-elevation site a positive water 264 balance in June (Fig. 1) . Warm February and dry March conditions also enhanced 265 growth in the low-elevation site, whereas warm January temperatures and cool and wet 266 conditions from June to July favored growth in the middle-elevation site. Warm and dry 267 conditions in the previous late summer were related to lower growth indices in all sites, 268 while warm October conditions at the end of the growing season produced a similar 269 effect but only in the high-elevation site. At the individual tree level, June water balance 270 and January mean minimum temperature were both significantly positively related to 271 growth, when were compared the three sites along the elevational gradient (Table 3) . 272
The growth indices correlate with low water availability at low-elevation site and with 273 temperature at high-elevation site, with correlations of similar magnitude. 274
At shorter time scales, a negative water balance driven by the high mean 275 maximum temperatures in June (low-elevation site) and July (high-elevation site) 276 appear to be the major constraints on growth particularly at 5-to 10-day scales (Fig. 2) . 277
Regarding the mean minimum temperatures, warm minimum (means nocturnal) 278 conditions in January were associated with high growth indices at the high-elevation 279 site for the same time periods. Warm and short (5-days long) daytime conditions in late 280 winter or early spring were linked to enhanced growth in the low-and middle-elevation 281
sites. 282
The negative correlations between June-July maximum temperatures and growth 283 indices increased from the late 1970s onwards, as did the positive effect of the summer 284 water balance, particularly in the low-elevation site, but also July conditions in the other 285 two sites (Fig. 3) . These shifts reflect the significant (P < 0.05) increases in mean 286 maximum temperatures that have been observed in all elevation plots from 1970 ( Fig.  287 A2, Appendix A1). In contrast, seasonal precipitation did not show any significant 288 trend. From the mid 1980s onwards, warm nocturnal conditions in January were 289 strongly related to more growth in the high-and middle-elevation sites. 290 291
Regional scale climate-growth associations 292
At the regional scale, a significant (P < 0.05) increase in mean temperature and 293 decrease in precipitation increased with latitude (Table A1 , Appendix A1). The trends in 294 temperature (positive) and precipitation (negative) during the growing season decreased 295 when latitude increase (p=0.015 and p<0.0001, respectively). The exception was the 296 mean minimum temperature that increased with latitude (p<0.0001). On the other hand, 297 the trends in precipitation (p=0.003) and temperature (p=0.023) significantly increased 298 with elevation at the regional scale (Table A1 , Appendix A1). 299
Considering the whole set of chronologies, no clear correlation between latitude 300 and elevation was apparent (p=0.30), as the chronologies are located at similar 301 elevations across the sampled area, representing the wide gradient. In fact, the mean 302 values of tree-ring width and MS significantly decreased with latitude (p=0.0005 and 303 p=0.024, respectively) but no significant relationship was found with elevation (Table  304 2). Similarly, AC significantly increased with latitude (p=0.021), but did not correlate 305 with elevation (Table 2) . Furthermore, the inter-annual variability in growth (quantified 306 as MS) decreased significantly with growing-season precipitation (p<0.0001). In 307 contrast, AC significantly (p<0.0001) increased with precipitation and temperature of 308 the growing season. 309
On the regional scale, Scots pine growth indices mainly responded to June-July 310 precipitation, especially at lower elevations but also at higher latitudes (Spearman r= 311 0.44, p<0.01) (Fig. 4) . The significant limiting effect of the minimum January 312 temperature on tree growth was secondary in comparison with June-July precipitation, 313 but presented similar patterns with respect to elevation and latitude (Spearman r= 0.22, 314 p<0.10). 315
The positive correlations between January temperatures and growth indices 316 increased from the late 1970s onwards as did the positive effect of summer water 317 balance, particularly at high-elevations and low latitudes (results not shown). These 318 shifts agree with the significant (P < 0.05) increases in temperatures and decreases in 319 precipitation observed in the latitudinal and elevational gradient studied from 1970 320 (Table A2, González and Zavala, 2014). Moreover, recurrent droughts reduce the carbon uptake by 355 trees and increase their respiration rates, thus reducing their capacity to grow (Galiano 356 et al., 2011; McDowell et al., 2008) . Recurrent and extended droughts might therefore 357 lead to accumulated carbon deficits, which could result in long-term limitation on 358 growth and eventually tree death (McDowell et al., 2008) . 359
The elevational gradient at the regional scale revealed remarkable differences in 360 the growth responses of Scots pine to changes in climate. The low-elevation sites 361 located at low latitudes appear to be most sensitive to warming and drought stress, (Fig.  362 4) as has been suggested for other pine species (Candel-Pérez et al., 2012) . These low-363 elevation Scots pine populations are therefore likely to be the most vulnerable to future 364 climate warming and the related increasing aridification, with resulting retractions of the 365 distribution of the species. These effects have already been observed to some extent in 366 the form of growth decline, forest dieback and intense mortality events (Peñuelas et al., 367 2007) . 368
Regarding the latitudinal gradient, significant relationships between the growth 369 of the majority of Scots pine sites and summer drought (negative) and winter minimum 370 temperatures (positive) are consistent with previous results for the Mediterranean 371 (Andreu et al., 2007) . In high-elevation and high latitude sites, there were positive 372 growth trends driven by warmer winters similar to the response of other Mediterranean 373
forests. This probably is caused by increased winter photosynthesis and accumulation of 374 carbohydrates that leads to wider earlywood in the following year (Lebourgeois, 2000) . 375 15 Despite the general long-term trend for less annual precipitation and higher 376 temperatures (Table A1 , Appendix A1), the climate-growth analysis at country scale 377 revealed a south-north latitudinal advance of this effect contrary to that found for the 378 influence of seasonal climate variables in the elevational gradient (Fig. 4) . At country 379 scale, the latitudinal gradient has more effect on growth response than elevation (Fig. 4) having tracheids with large lumens and thick cell walls, which increase hydraulic 390 conductivity and reduce the risk of drought-induced cavitation (Martín et al., 2010) . 391 Furthermore, the trees forming the xeric limit of the species distribution also have a 392 high ray tracheid frequency, which could imply they can store more water in the 393 sapwood so they can modify the growth response to drought stress (Camarero et al., 394 2013) . 395
At a continental scale, Scots pine appear to have made little structural hydraulic 396 adjustment in response to local climatic conditions across Europe, apart from 397 modifications in the leaf-to-sapwood area ratio of branches (Martínez-Vilalta et al., 398 2009 ). This suggests that water storage in the sapwood is important as a buffer 399 mechanism against drought stress (Barnard et al., 2011) . Another factor that indicates 400 that pines adapt to climate is that, the climate-growth associations observed at a local 401 (Figs. 1 and 2 ) and regional scale (Fig. 4) indicate that the timing of the response of 402 cambial activity to climate. This confirms phenological differences found even at local 403 scales along the elevational gradient (Figs. 1 and 3) . Differences can also be observed 404 after just a short time (5-to 10-days; Fig. 2 ), which is further support for the claim that 405 short-term variations in growth and wood anatomy are related to climate fluctuations 406 and rapid changes in soil water reserves (Bouriaud et al., 2005) . 407
As expected, the importance of June-July precipitation for Scots pine growth 408 increased with decreasing latitude. At lower latitudes trees are subjected to intensified 409 drought stress, whereas further North January minimum temperatures have more effect 410 on growth as minimum temperatures are lower (Fig. 4) . Some of the Scots pine stands 411 located in eastern Spain, however, are very responsive to summer rainfall (e.g., 412
Corbalán), and are currently showing drought-induced dieback and increased mortality 413 rates (JJ Camarero, pers. observ.) . These biogeographical patterns coincide with the 414 existence of the adaptation, described above, and are probably an expression of the 415 genetic differences observed among Spanish Scots pine provenances (Catalán et al., 416 1991; Valladares et al., 2014) . However, we also detected unexpected biogeographical 417 patterns, such as cold temperatures becoming more important over time also at low 418 elevations, and less growth dependence on summer rainfall near the southernmost 419 distribution limit of the species (Fig. 4) . Why do such unforeseen patterns appear? 420
The divergent growth responses to climate may have to do with other 421 confounding factors, such as: i) changing competition between trees or between trees 422 and undergrowth due to changes in land use and past management, ii) phenotypic 423 variability, including anatomical or phenological adjustments or iii) genetic variation 424 and site characteristics (such as soil depth, nutrient availability, geomorphological 425 features, etc) which can act as buffers against the expected response to climate 426 (Camarero et al., 2013; Prus-Glowacki and Stephan, 1994) . For instance, the wide 427 genetic differentiation found in southern Scots pine populations in Spain might be the 428 results of a variety of local adaptations to seasonally dry conditions, and could alter the 429 responses to precipitation observed (Fig. 4) (Catalán et al., 1991) Gutiérrez, E., Campelo, F., Camarero, J.J., Ribas, M., Muntán, E., Nabais, C., Lévesque, M., Rigling, A., Bugmann, H., Weber, P., Brang, P., 2014. Growth response 545 of five co-occuring conifers to drought across a wide climatic gradient in Central 546
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